Solid-state nanopores are considered a promising tool for the study of biological polymers such as DNA and RNA, due largely to their flexibility in size, potential in device integration and robustness. Here, we show that the precise shape of small nanopores (∼5 nm diameter in 20 nm SiN membranes) can be controlled by using transmission electron microscope (TEM) beams of different sizes. However, when some of these small nanopores are immersed in an aqueous solution, their resistance is observed to decrease over time. By comparing nanopores of different shapes using (scanning) TEM both before and after immersion in aqueous solution, we demonstrate that the stability of small nanopores is related to their three-dimensional geometry, which depends on the TEM beam size employed during pore fabrication. Optimal stability is obtained using a TEM beam size of approximately the same size as the intended nanopore diameter. In addition, we show that thermal oxidation can serve as a means to independently control nanopore size following TEM fabrication. These observations provide key guidelines for the fabrication of stable solid-state nanopores on the scale of nucleic acids and small proteins.
Introduction
Nanopores are widely used for the detection and study of nucleic acids and other biopolymers [1] [2] [3] . In an electrolyte, such biomolecules can cause a characteristic change in the nanopore ionic conductance as they are driven through the pore by an electric field. Although a variety of different biological and synthetic nanopores have been used for such studies [1] [2] [3] , solid-state nanopores, which are typically fabricated in thin membranes of SiN or SiO 2 , are the most obvious candidates for device integration and offer the largest flexibility in nanopore size and experimental conditions. A number of methods exist for the fabrication of solid-state nanopores [4] [5] [6] [7] , but the method of choice is to drill them using a transmission electron microscope (TEM) beam [6, 7] , as in this case the nanopore can be directly visualized during the drilling process. In this technique, nanopores are drilled by focusing a high-energy electron beam (typically 200-300 keV) on a thin membrane, resulting in the creation of a single pore of several nanometers in diameter. Subsequently, the nanopore can then be enlarged by continued exposure to the beam, or it can be shrunk by reducing the beam intensity [6, 7] , allowing for very precise specification of the pore size (which is not possible using other techniques, such as focused-ion-beam sculpting). Such control is increasingly important as nanopores are used to probe complex biological systems at the molecular scale, examples of which include the unfolding of DNA hairpins [8] , DNAprotein interactions [9] and, potentially, the study of RNA secondary structure [10, 11] and DNA sequencing [12] .
Key to these applications is not only the nanopore size, but also the corresponding three-dimensional nanopore shape. For example, optimal resolution for DNA sequencing would require a very thin nanopore constriction with a local thickness on the sub-nanometer scale, so that the changes in the current blockade would reflect the presence of individual bases along the DNA. This can potentially be realized by fabricating a pore with a heavily compressed hourglass shape (i.e. a shape described by two mirrored cones with very wide bases). Recent tomography studies on solid-state nanopores have indicated that the shape of a nanopore depends on the material composition and precise conditions employed during the drilling, and can therefore be controlled to a certain extent [13, 14] . Here, we demonstrate that the TEM beam size itself provides a straightforward tool to control the shape of ∼5 nm diameter nanopores drilled in 20 nm SiN membranes. Unexpectedly, we also find a correlation between nanopore shape and nanopore stability: a TEM beam that has a large width compared to the intended nanopore diameter (30 nm full width at half-maximum (FWHM) compared to a 5 nm diameter pore) produces nanopores with a compressed hourglass profile ( figure 1(a) ), but these pores are frequently observed to rapidly increase in size over time upon immersion in aqueous solutions; conversely, nanopores drilled with a narrow beam size are more cylindrical in shape, and their size is found to increase to a lesser extent, if at all. Our results indicate that, for optimal size stability, the TEM beam size should be approximately of the same size as the intended nanopore diameter. We also demonstrate control of the nanopore size following TEM drilling, showing that the size of these SiN nanopores can be gradually reduced by thermal oxidation at modest temperatures (250
• C), increasing their versatility even more.
Materials and methods

Nanopore fabrication and imaging
Nanopores were fabricated in 20 nm SiN membranes as previously described [15] using a Philips CM300 UT TEM, operated at an accelerating voltage of 300 kV. Pores were drilled using three different beam sizes (30, 15 and 7.5 nm), where this beam size corresponds to the full width at half-maximum (FWHM) of the Gaussian intensity profile in the transverse focal plane. Scanning TEM (STEM) measurements were performed with a Cs-corrected Titan Cubed Supertwin/STEM FP5600/40 instrument operated at an accelerating voltage of 300 kV and a beam size of 0.14 nm. The images were acquired with a convergent angle of about 10 mrad and camera length 184 mm.
Ionic current measurements
For the electrical measurements, a microfabricated chip containing a single or multiple nanopores was first rinsed with acetone and ethanol, blown dry and exposed to O 2 plasma for 30 s. The chip was then mounted in a custombuilt Teflon flowcell [16] and a solution containing 1 M KCl, 10 mM Tris-HCl (pH = 8.0) and 1 mM EDTA was introduced on both sides of the nanopore. The cis and trans sides of the nanopore are connected to separate reservoirs containing Ag/AgCl electrodes that allow for the connection of the nanopore device to an Axon Instruments Axopatch 200B amplifier. Nanopore resistance was determined by measuring the pore current as a function of applied bias voltage and applying a linear fit to the slope of the resulting I V curve using custom-written LabView software. The corresponding 1D intensity profiles of the two beams are plotted below. The solid gray line delineates a TEM beam much larger than the intended pore size, whereas the dotted gray line marks a beam of approximately the same size as the targeted nanopore. The nanopore drilled with the wider beam is expected to have a compressed hourglass shape (dark gray area with solid black perimeter), whereas the nanopore for the narrower beam is expected to be more cylindrical in shape (open area with a dashed black perimeter). (b) Thickness profiles, derived from scanning transmission electron microscopy (STEM) images (section 2) of nanopores drilled with the three beam sizes (30 nm, red line; 15 nm, blue line; and 7.5 nm, black line). (Insets) The thickness profile can be used to reconstruct a 3D image, assuming the nanopore is point symmetric about the center of the pore and assuming a uniform material stoichiometry. In addition, the non-zero noise in the green shaded area was removed to create the 3D images, as the TEM images indicate there is no material there. The black scale bar for the insets is 20 nm. As the TEM beam size is increased, the nanopore shape changes from roughly cylindrical towards a compressed hourglass shape.
Thermal oxidation
For the experiments on nanopore oxidation, membranes containing nanopores were thermally oxidized in a Lindberg Blue Mini/Mite TF55030C-1 tube oven, operated at 250
• C for 1 h with a constant O 2 flow of 10 sccm. Both before and after the oxidation, the membranes were rinsed with acetone and IPA and blown dry.
Image analysis
The areas of the nanopores were computed from TEM images using ImageJ [17] . Radial intensity profiles from the STEM images were analyzed by taking a 360
• polar transformation (using the polar transformer plug-in for ImageJ, written by F Donnely) of the STEM image around the nanopore center and averaging line scan profiles from the center of the pore outwards. The corresponding membrane thickness was scaled such that the minimum intensity was set to 0 (corresponding to zero membrane thickness) and the maximum intensity was set to 20 nm (corresponding to the full membrane thickness of 20 nm). A 3D image was reconstructed from these profiles by assuming cylindrical symmetry about the pore center [14] . In addition, the non-zero noise in the area at the center of the nanopore (shaded green area in figure 1(b)) was removed, as TEM images indicate that there is no material there.
Results and discussion
We first briefly explain how our nanopores are formed by the electron beam. As described in section 2, we use a focused electron beam to fabricate our nanopores in 20 nm thick SiN membranes. The electrons locally ablate the material, leading to the formation of a small pore. In figure 1(a) we sketch the intensity profiles for two different beam sizes and the corresponding nanopore shapes that these beams are expected to form in the SiN, based on the following reasoning: for the beam with the larger waist, a large area is exposed to a high intensity, leading to appreciable material depletion in the area around the nanopore that is formed. This will lead to the formation of a nanopore with a compressed hourglass shape (figure 1(a), solid black lines). Conversely, a beam with a smaller waist will expose only a small area around the nanopore to high intensity, giving rise to straighter sidewalls (figure 1(a), dashed black lines) and a pore that is more cylindrical in shape. Thus, we expect that, by choosing the correct TEM beam size, the nanopore shape should be controllable to some extent, which would be beneficial for many applications. For instance, a compressed hourglass shape would be particularly useful for the probing of local structure along a molecule, as the ionic resistance through the pore is dominated by the narrowest constriction; a change in the ionic conductance caused by local differences along the molecule can therefore be monitored with a resolution of the length of that constriction.
To examine whether the shape of our nanopores can indeed be controlled by using TEM beams of different sizes, we have used scanning transmission electron microscopy (STEM) to measure the shape of our nanopores. In this technique, a very small (0.14 nm FWHM) focused electron beam is scanned over the surface to create a 2D image. From the STEM image, a thickness profile can be derived, assuming a uniform material composition in the membrane surrounding the nanopore. A 3D shape can then be reconstructed from the STEM thickness profile by further assuming that the nanopore is point-symmetrical from its center (section 2). Previous work has shown that the shape determined in this way corresponds well to the actual 3D structure, as determined both by TEM tomography and a number of additional analysis techniques (e.g. EELS, EFTEM) [14] . In figure 1(b) , we show the radial thickness profile as determined from 2D STEM images of three different nanopores of ∼5 nm in diameter. Each nanopore was drilled with a different beam size: 30 nm FWHM (red line), 15 nm FWHM (blue) and 7.5 nm FWHM (black). The insets show the reconstituted 3D shapes of these pores. Indeed, the shape of the nanopore drilled with the 30 nm beam (red) displays the highest curvature at the center. The shape of the nanopore drilled with the smaller 15 nm beam is less curved at the center, whereas the nanopore drilled with the smallest beam is shown to have nearly vertical sidewalls. This demonstrates that the nanopore shape can indeed be controlled by choosing the correct TEM beam size.
We have tested our nanopores under conditions typically employed for biological experiments, in which the nanopore is immersed in an electrolyte and a constant bias voltage is applied. Surprisingly, we found that these small nanopores are frequently observed to be unstable: the ionic resistance through the nanopore continuously decreases over time during the course of an experiment, rendering such pores less useful for quantitative analysis. Examples of this behavior for two nanopores with initial diameters of 2.5 and 8.5 nm, both drilled with a TEM beam size of 30 nm FWHM, are shown in figure 2 . Here, we plot the time evolution of the ionic resistance through these pores over the course of 80 min, while they were held under a constant bias voltage of 100 mV. For both pores, we observe that the resistance decreases over time. Note, however, that the effect is more pronounced for the smaller nanopore, for which the resistance drops by 26% from 107 to 79 M in 80 min, compared to a 15% drop from 18.5 to 15.8 M for the larger pore. We have found that such large changes in resistance occur most frequently for small (<5 nm) nanopores and, within this size range, for those pores drilled with wide TEM beam sizes (15 nm or wider). Given the fact that the TEM beam size influences the nanopore shape, this result implies that perhaps their shape is related to the instability of these nanopores.
As nanopore stability is key to the ability to perform reproducible experiments on molecule translocation, we have set out to account for the observed drop in resistance over time by examining the influence of a number of experimental parameters. First, to verify that this behavior could not be accounted for by evaporation of water from the electrolyte, we introduced fresh measurement buffer during the course of the experiment. The measurement of identical resistances before and after this operation indicated that evaporation could not underlie the observed behavior. Replacement of the Ag/AgCl electrodes likewise did not affect the measured resistance, excluding possible electro-chemical depletion of the electrodes.
A further potential explanation for the observed changes in nanopore resistance is that the nanopores themselves actually change in size over the course of a measurement in ionic solution. Indeed, even a small absolute change in diameter could have a strong effect on the resistance of a small nanopore. The effect on larger nanopores would be less pronounced, as the ionic resistance is inversely proportional to the square of the nanopore diameter [18] .
Nonetheless, we note that such a size change over time is a somewhat surprising possibility, as the nanopores are drilled into SiN solid-state membranes, which are not expected to etch in aqueous solutions such as those used in our experiments [19] .
To test whether our nanopores indeed change in size, we have compared several nanopores, drilled in a single membrane, both before and after a 1 h immersion in measurement buffer with an applied bias of 100 mV. Because we suspected that the size of the TEM beam used to drill the pores might be related to their stability, the sample contained three different pores with the same initial diameter (5 nm, see the left column in figure 3(b) ), but each drilled with a different beam size (30, 15 and 7.5 nm FWHM). The resistance of this membrane containing three nanopores was then measured as a function of time ( figure 3(a) ). As before, the total resistance of the membrane gradually decreased, in this case from 18 to about 9 M over the course of 1 h. Images of the nanopores were taken both before ( figure 3(b) , left column) and after ( figure 3(b) , right column) the measurement, taking care to employ a very low beam intensity to ensure that the nanopores were not changed during the imaging process. Clearly, the nanopore drilled with the large 30 nm beam ( figure 3(b) , top row) increases dramatically in diameter. Similarly, the nanopore drilled with the 15 nm beam also increases in size, though less strongly ( figure 3(b) , middle row). Meanwhile, the nanopore drilled with the smallest beam studied (7.5 nm) shows very little change in diameter ( figure 3(b) , bottom row). This striking result implies that nanopores drilled with a wide TEM beam are inherently less stable upon immersion in an electrolyte than nanopores drilled with a narrower beam. Also, it appears that the observed change in resistance can indeed be explained by the fact that some of the nanopores changed size.
To see whether this effect of the electron beam size on the nanopore stability was reproducible, we have repeated this experiment multiple times. In each case we used the same three different beam sizes as above to produce nanopores with initial sizes ranging from 4 to 7 nm, as determined by TEM microscopy. The results are shown in figure 3(c) , where we plot the ratio of the nanopore areas before and after the experiment, A final /A init . The dashed line at A final /A init = 1 is added as a reference and corresponds to no change in the area of the nanopore. Indeed, the trend of the average values confirms our initial result: pores formed with a large-diameter electron beam increase in size much more than those formed with a small beam size. The scatter in the data, especially for the large beam size, indicates that the exact size change for a given individual nanopore cannot be predicted. In some instances pores were also found to decrease in size, rather than stay constant or increase in size, and possible reasons for the observed variability will be discussed below. Yet the averages indicate a clear trend in which pore size stability decreases with TEM beam size.
It is likely that the clear difference in shape for nanopores drilled with different TEM beam sizes is related to the observed differences in stability. Our nanopores are drilled in amorphous SiN, and it is possible that the material at the edge of the nanopores has a tendency to rearrange over time into a shape that minimizes surface tension. Sharp edges with high curvature are therefore energetically unfavorable and thus less stable. In this scenario, rearrangement is predicted to occur even in the absence of an ionic current flowing through the nanopore, as it results from energy minimization of the SiN only. Indeed, we have found that our nanopores also increase in size with time when stored in deionized water only, although the rate of change appears to be decreased (data not shown). Furthermore, it is also possible that the observed decrease in size for some of the nanopores drilled with the small electron beam in figure 3(c) results from a similar rearrangement: a nanopore with a highly cylindrical shape will also have sharp edges at the cylinder ends and rearrangement of these could produce the apparent decrease in diameter observed in the cross-sectional TEM image. Indeed, an additional experiment using even smaller beam sizes (2-5 nm) showed a decrease in area for the pores drilled with smaller beams, whereas the pores drilled with larger beam sizes again showed a size increase (supplementary information available at stacks.iop.org/Nano/21/115304/mmedia). Thus from our two observations, namely that (1) nanopores drilled with an electron beam much wider than the nanopore size have a compressed hourglass shape and (2) such nanopores are more likely to increase in pore diameter, we can extract an important design consideration for the fabrication of nanopores: for optimal stability, a beam size of approximately the intended nanopore size is recommended.
The increasingly sophisticated control over nanopore fabrication desired for a variety of experiments can also be expanded by the ability to modify the size and surface properties of a nanopore following drilling. Here, we employ thermal oxidation as a simple tool to change the diameter of a nanopore after drilling. Upon oxidation of SiN, nitrogen atoms are displaced by oxygen atoms, as formation of SiO 2 is energetically favored over SiN [20] . Since the packing density of SiO 2 is lower than that of SiN, this leads to a small increase in the thickness of the material, and thus to a small decrease in the nanopore diameter, assuming a uniform material stoichiometry around the nanopore (recent results indicate that, in fact, the nitrogen content decreases close to the center of the pore [14] , which would further enhance the effect of the oxidation, as pure Si is more rapidly oxidized than SiN). We have investigated whether this oxidation treatment would also improve the stability of our nanopores, but no improvement was observed. Nevertheless, apart from allowing for additional size control after fabrication, thermal oxidation can have several additional advantages. For example, changing the nanopore surface into SiO 2 allows for a large variety of surface chemistry reactions to further modify the nanopore surface [21] . Also, we have frequently observed that surface interactions with biological molecules are less prevalent for SiO 2 than for SiN [22] . Such a surface modification thus also serves to increase nanopore versatility.
Thermal oxidation of thin films of crystalline Si 3 N 4 is reported to be very a slow process, with a (nonlinear) rate averaging only several nm min −1 at temperatures >900
• C for such thin films as employed in our experiments [20] . This slow rate is useful, as it allows for very fine control over the thickness. To demonstrate that this can indeed be used to modify the size of our nanopores, we have drilled several nanopores of varying initial diameter in a single membrane (to ensure identical conditions) and thermally oxidized this membrane at 250
• C for 1 h (see section 2). Such a low temperature ensures that the rate is slow enough such that even the smallest nanopores do not completely close due to the treatment. The nanopores were drilled with two different beam sizes (30 and 7.5 nm), but this parameter did not appear to influence the results. In figure 4 we plot the change in area of our nanopores, again expressed as the quantity A final /A init . As expected, the area of the nanopores generally decreases by this treatment ( figure 4, black points) . Also, the area reduction is much more pronounced for smaller nanopores. This is not surprising, as the oxidation is expected to change the material thickness in all directions by a constant value. A 1 nm increase in thickness will therefore reduce the diameters of all pores by 2 nm. Such a change yields a much more dramatic area change for small pores than for large pores. Indeed, we can fit (solid line in figure 4 ) our results well with a simple relation:
2 /(r pore ) 2 , where r pore is the initial pore radius, to find an average thickness increase of δ = 0.8 ± 0.2 nm. Comparison of our observed growth rate with reported values [20] is not possible as these were measured under very different conditions (900-1100
• C, in partial H 2 O atmosphere and on crystalline SiN, whereas our nanopores are drilled in amorphous SiN). The fact that over the duration of an hour Figure 4 . Nanopore size can be changed by thermal oxidation. Nanopores of different sizes were thermally oxidized at a temperature of 250
• C for 1 h. The ratio of the final nanopore area to the initial nanopore area is plotted as a function of the initial nanopore diameter. Almost all pores reduce in size, as expected from the fact that the oxidation of SiN should uniformly increase the membrane thickness. The solid line is a fit to the data, assuming a uniform thickness increase of the material in all directions. The fit yields a growth of 0.8 ± 0.2 nm, corresponding to an average decrease in nanopore diameter of 1.6 ± 0.4 nm. the nanopores change only by several nanometers in diameter demonstrates that thermal oxidation offers an additional subnanometer size control for nanopores, applicable following fabrication. We also note that this technique can easily be applied at a wafer scale, making it particularly useful for applications using large arrays of nanopores.
Conclusions
We have shown that the shape of small nanopores of ∼5 nm in diameter is dependent on the TEM beam size used during their fabrication and that this influences their stability upon immersion in aqueous solution. A large TEM beam compared to the targeted nanopore size creates compressed hourglassshaped pores, which are found to increase in diameter over time during immersion in aqueous solutions. This effect is much reduced for nanopores drilled with a TEM beam size of approximately the same size as the nanopore diameter. In addition, we have shown that oxidation can further be used to modify the size of nanopores after drilling. Our results add to the understanding of nanopore formation and stability, and may serve as important design considerations for the subnanometer control of nanopore shape and size required for many of the more sophisticated applications involving solidstate nanopores.
